Primary hepatocellular carcinoma (HCC) is highly prevalent in China. Although hepatitis B virus (HBV) and aflatoxin B1 (AFB1) are considered the major risk factors, among the high-risk cohorts only a small fraction develops liver cancer. Therefore, we investigated whether organochlorine pesticide exposure contributed to HCC risk in the Xiamen population. The questionnaire database was built from 346 HCC cases and 961 healthy controls during
Introduction
Liver cancer ranks as the fifth most common cancer in the world, with new developing cases reaching 711,000 in 2007 (Garcia et al., 2007) . Hepatocellular carcinoma (HCC) may account for 80-90% of all liver cancers (El-Serag and Rudolph, 2007) and most of the cases (about 82%) in sub-Saharan Africa, Southeast Asia and China. The HCC population in China contributes to about 55% of the total cases in the world , where the incidence of male is higher than female (Yang et al., 2005) . In the United States of America, after adjusting by age, the incidence of HCC has grown from 1.6/100,000 in 1975 to 4.9/100,000 in 2005 (Altekruse et al., 2009) . Compared with other cancers, the mortality of HCC is very high. For instance, a report showed that the global HCC incidence is 620,000 per year, with a mortality rate at 595,000 per year (Parkin et al., 2001) . In developing countries, the high mortality may be attributed to poor medical conditions; however, the 5-year survival rate is below 11% even in the developed countries (Jemal et al., 2009 ).
Globally, research over the past few decades has confirmed that hepatitis B virus (HBV) and hepatitis C virus (HCV) infection, heavy alcohol consumption, smoking and aflatoxins are the hazard or risk factors of HCC (Donato et al., 2002; Parkin et al., 2005; Hassan et al., 2008; Liu and Wu, 2010) . At the same time, nutrition and xenobiotic-toxicantcorrelated metabolic factors, such as diet, obesity, diabetes and insulin resistance, oral contraceptives and heavy metal body burden, among others, further increase the risk of HCC (McGlynn and London, 2005) . In China, an earlier study suggested the location of high-risk regions along the southeastern coastline, that is, in the provinces of Jiangsu, Zhejiang, Fujian, Guangdong, and Guangxi Autonomous Region (Yeh et al., 1989) . HBV and the dietary aflatoxins have been suggested as the most important HCC hazard factors in China (Li et al., 2001) , where HBV infection is almost a prerequisite for the onset of HCC in the high-risk regions (Yeh et al., 1989; Shen et al., 1991) . Dietary exposure to aflatoxin B1 (AFB1) (Li et al., 2001; Wang et al., 2001; Wang and Liu, 2007) may associate with HCC risk in Chinese cohorts due to enhancement of the mutation frequency of the third nucleotide of codon 249 of TP53 (Deng et al., 1997; Kirk et al., 2000; Szymanska et al., 2009) and oxidative stress (Wu et al., 2008) . However, among individuals at very high risk of liver cancer due to infection with HBV and AFB1 exposure, only 20% eventually develop liver cancers. Unidentified factors, such as genetic susceptibility , environmental pollution and nutrition (Yeh et al., 1989; Shen et al., 1991; McGlynn et al., 2006; Qu et al., 2007; Welzel et al., 2007) , along with the habits of smoking or drinking, may contribute to HCC risk in some of the HCC high-risk regions in China. In a study of McGlynn et al. (2006) , the organochlorine pesticide (OCP) 1,1,1-trichloro-2,2-bis (p-chlorophenyl) ethane (p,p 0 -DDT) was suspected as a HCC risk factor for a Chinese cohort living in Linxian, an esophageal cancer high-risk area located in the central part of mainland China, where AFB1 exposure was found not to be a significant factor for the cohort (Chu and Li, 1994; McGlynn et al., 2006) . Compared with Linxian, the southeastern coastline of China is characterized with a long monsoon season F the weather conditions that may increase human exposure to aflatoxins. In addition to HBV and AFB1, it is suspected that exposure to OCPs may also contribute to HCC incidence in the highrisk regions, where OCPs were once used much more heavily than the other areas in China (El-Shahawi et al., 2010) and still have limited production and usage (Qiu et al., 2005) . Therefore, we designed a hospital-based case-control study to investigate the association between the incidence of HCC and exposure to OCPs by examining serum levels of hexachlorocyclohexane (Onishchenko et al., 2008) isomers (a-, b-, g-and d-HCH) and DDT and its derivatives (1,1-dichloro-2,2-bis (p-chlorophenyl) ethylene (p,p 0 -DDE); 1,1,1-trichloro-2,2-bis (o-chlorophenyl) ethane (o,p 0 -DDT); and 1,1-dichloro-2,2-bis (p-chlorophenyl) ethane (p,p 0 -DDD)) in the Xiamen people who live in the middle of the southeastern coastline of China.
Methods

Subject Enrollment and Questionnaire
The subjects' recruitment was conducted at three hospitals. They are Zhongshan Hospital of Xiamen University, Xiamen Hospital of Traditional Chinese Medicine and the 174th Hospital of People's Liberation Army. All the HCC cases were the clinic patients who had not suffered any other types of cancers and had lived in Xiamen for at least 10 years. They were diagnosed as suffering from HCC during March 2007 to December 2009. The healthy control subjects were recruited simultaneously with the case ones from the three institutes, who also lived at least 10 years in Xiamen, and a same structured questionnaire was applied for them. All participants signed the written consent form to voluntarily provide 10 ml blood sample. A total of 1306 subjects (345 cases and 961 controls) were admitted into this study.
The structured questionnaire included demographics (sex, age, height, body weight, income, educational attainment, employment status and occupational history, marital status and religion), history of cigarette smoking, alcohol consumption, history of diseases, diabetes mellitus, sports activity and family history of cancers. Some definitions of risk categories are as follow: (1) a cigarette smoker was a person who had smoked Z100 cigarettes before the study enrollment (Hassan et al., 2008) . A former smoker was a person who had stopped smoking at least 1 year before the study enrollment. Former and current smokers were asked about the average number of cigarettes they smoked per day, the age at which they began or stopped smoking and the duration of smoking.
(2) A heavy drinker was a person who consumed 60 ml of hard liquor per day during his drinking time (Donato et al., 2002) . (3) A person was diagnosed with diabetes mellitus according to the criteria issued by WHO/IDF (2006) . (4) The family history of cancer was determined by investigating the prevalence of cancers among the first-and second-degree relatives of participants.
Serum Collection, Storage and OCP Analysis
With the permission from the participants, 10 ml blood was taken from each fasting patient by a nurse. A subsample of 1.5 ml serum was stored at À701C for OCP analysis. The sample was prepared on the modified US EPA method (Sundberg et al., 2006) and measured by gas chromatography-mass spectrometer. For quantification, the mixture standard of pesticides (b-HCH, g-HCH, p,p 0 -DDE and p,p 0 -DDD), surrogates 2,4,5,6-tetrachloro-m-xylene and 2,3 0 ,4,5-tetrachlorobiphenyl (PCB-67) and the 13 C-isotopelabeled standard 2,2 0 ,3,3 0 ,4-pentachlorobiphenyl (PCB-82) were used (AccuStandard, New Haven, CT, USA).
Data Analysis
SPSS l6 was used for all the statistical analyses. The variable distributions were analyzed by t-test for continuous variables and w 2 -test for categorical variables. The unconditional univariate logistic regression was performed to assess each possible risk factor for HCC. The unconditional multivariate logistic regression was performed when the exposed OCP was significantly (Po0.05) associated with HCC in the univariate analysis. Age, gender, education, marital status and the other important HCC risk factors were adjusted by using the likelihood ratio test. The adjusted odd ratio (AOR) and 95% confidence interval were calculated by the maximum likelihood approach. The quantity assessment of two factors' interaction was done using the following equations:
APIðABÞ¼½RRðABÞ À RRðABÞ À RRðARÞ þ 1=RRðABÞ RERI ¼RRðABÞ À RRðABÞ À RRðABÞ þ 1 where API (AB) is the attributable proportion of interaction of factor A and factor B, and RERI is the relative excess risk of interaction (Ka¨llberg et al., 2006) . RR is the relative risk. AB means exposure to factor A and factor B; AB means exposure to factor A but no exposure to factor B; and AB means no exposure to factor A but exposure to factor B. The Mann-Whitney U test was used for testing the significance of RERI. Without specific illustration, the significant criteria in the tests were two-tailed tests at significance level a ¼ 0.05. More details on study methods are given in the Supplementary information.
Results
Subject Demographics
Demographic data are listed in Table 1 , where more men were recruited than women. The case patients (60.2 ± 13.3 years) were slightly older than the control group (58.3 ± 10.7 years; t-test, Po0.001). The education attainment was also lower for the case patients. In the followed multivariate logistic regression, all significant factors were adjusted and stratified between men and women. The risk factors were analyzed separately at each stratum.
Serum OCP Concentrations
The levels of the selected OCPs in serum samples were showed in Table 2 . Owing to the non-normal distribution (normality was tested by Kolmogorov-Smirnov test and Po0.001), the case-control differences of the eight OCPs were evaluated by the rank-sum test first. The results suggested that p,p 0 -DDE, p,p 0 -DDT, a-HCH and b-HCH residues in the case subjects were significantly higher than those in the control subjects (Po0.05). The concentrations of all the eight OCPs were significantly correlated (Supplementary information Table S1 ).
Univariate Analysis
Based on the fourth quartile of OCPs in the control group, all the investigated patients were divided into a high-exposure subgroup and a low-exposure subgroup. After adjustment by age, sex, BMI, occupation, education, income and marital status, the unconditional univariate logistic regression was conducted to understand the possible correlation between each OCP and HCC. The levels of a-HCH, b-HCH, p,p 0 -DDT and p,p 0 -DDE in the case group were also significantly higher than in the control group (Supplementary information Table S2 ).
Multivariate Analysis
Although many factors (such as age, occupation, education, marital status, BMI, smoking, drinking, HBV, HCV, aflatoxins, exposure to polyaromatic hydrocarbons (PAHs), family malignant tumor history and diabetes mellitus) could be introduced into the multivariate regression because of their possible correlation with HCC, the high correlations of the explanatory variables themselves may increase the instability of the multivariate model. Therefore, correlation analysis was done for these explanatory variables first. At significance level a ¼ 0.01, the highly correlated risk factors are age vs education (r 2 ¼ 0.55), age vs smoking (r 2 ¼ 0.29), smoking vs drinking (r 2 ¼ 0.34), diabetes mellitus vs BMI (r 2 ¼ 0.24) and smoking vs PAH-albumin adduct (PAH-alb; r 2 ¼ 0.32). PAH-alb, smoking and drinking data were presented elsewhere (Niu et al., 2010; Zhao et al., 2010) . Eventually, only the four variables of age, sex, education and diabetes were included in the multivariate logistic regression model as the covariates together with individual OCPs, where the possible variables' collinearity was reduced. In the model, dummy variable setting for age was the same as the age grouping in Table 1 . All eight OCPs were analyzed separately to assess their HCC risks. The stepwise regression results showed that only b-HCH, p,p 0 -DDT and p,p 0 -DDE were included in the HCC risk models, suggesting that they are independent factors of HCC risk (Supplementary information Table S3 ).
Dose-Dependent OCP Risk
AORs were calculated for assessing the difference between the control and case groups. Subsequently, the quartile division was done to group the case and control subjects into four subgroups to allow the trend analysis to understand the does response for each OCP's HCC risk. Again, the results showed that HCC risks of the cohort exposure to b-HCH, p,p 0 -DDT and p,p 0 -DDE were significantly dependent on their dosages (Table 3) .
Interactions of OCPs and Other Factors
Interactions between every two of the OCP risk factors (i.e., p,p 0 -DDT, p,p 0 -DDE and b-HCH) and other HCC risk factors were quantitatively evaluated (Ka¨llberg et al., 2006) . These factors included hepatitis B surface antigen (HBsAg), antibody HCV (anti-HCV), heavy drinking, diabetes mellitus, AFB1-alb and PAH-alb. HBsAg and anti-HCV reflected HBV and HVC infection, whereas AFB1-alb and PAH-alb indicated AFB1 and PAH exposure (Niu et al., 2010; Zhao et al. 2010) . HBV, diabetes mellitus, AFB1-alb and PAH-alb all positively interacted with p,p 0 -DDT, but heavy drinking showed a negative interaction. In addition to the positive dose-response trend, the interaction between each pair of OCP risk factors for HCC was estimated. Either a negative interaction between p,p 0 -DDT and p,p 0 -DDE, a positive interaction between p,p 0 -DDT and b-HCH, or a negative but weak interaction between p,p 0 -DDE and b-HCH was observed. Table 4 lists the results for the paired significantly interacting factors (Po0.05) and the two pairs of weak interacting factors (0.05oPo0.1).
Discussion
Demographics Bias
The age was slightly older for the case subjects than for the control ones, which suggested the old population is vulnerable group with high HCC risk. The education and income were also lower for the cases than for the controls, which may suggest people with the lower social status suffered the disease burden more. The marital status was also ''worse'' for the cases than for the controls, that is, people who lived alone in China were the disadvantaged group with high HCC risk. Although there is a bias, all these significant factors have been adjusted in the present statistics; therefore, no bias has been carried forward into the following discussion.
Exposure to OCPs
OCPs are ubiquitous persistent organic pollutants and bioaccumulated in the human body, mainly through consumption of contaminated food. Owing to their lipophilic properties, OCPs can be deposited in fat tissues, such as subcutaneous fat. From the fat pools, OCPs may be released to the functional tissues.
Five of the eight possible isomers of HCHs are present in technical mixtures that typically contain 60-70% a-HCH, OCP concentrations below the fourth quartile in the control group were used as reference, and those of the non-detectable combined with below the fourth quartile into the low-exposure subgroup in the control. Only the strong (Po0.05) and weak (0.05oPo0.1) correlations are listed. The mean of the control subjects with the detectable adducts was used as the reference, and the control subjects with the non-detectable adducts combined with the control subjects with the below mean adducts were set as the low-exposure subgroup in the control subjects. .
5-12% b-HCH, 10-12% g-HCH, 6-10% d-HCH and 3-4% e-HCH (Willett et al., 1998 (Vetter and Schurig, 1997) . Although the use of both HCHs and DDTs was restricted in China from 1983 onward, limited production and use of DDT did not stop until very recently (Qiu et al., 2005) . After the restriction of 1983, the reported Linxian cohort (1984) (1985) had a geometric mean of DDT of 487 ng/g lipid in the case subjects and 490 ng/g lipid in the control subjects, whereas the geometric mean of DDE was 2931 ng/g lipid in the case subjects and 2957 ng/g lipid in the control subjects (McGlynn et al., 2006) . On the basis of 6.17 g/l lipid in serum (Dekoning and Karmaus, 2000) , the estimated mean of DDT was 6355 ng/g lipid in the case subjects and 5614 ng/g lipid in the control subjects, and the mean of DDE was 1345 ng/g lipid in the case subjects and 1110 ng/g lipid in the control subjects. Therefore, the DDT/ DDE ratios in the Linxian subjects were different from the Xiamen ones (0.17 vs 4.89), implying that the Xiamen people are still exposed to more ''fresh'' DDT residues nearly 30 years after the restriction of its use. They are also exposed to much higher levels of DDT residues than those reported in people belonging to the Western countries (e.g., 12.6 ng/g of lipid in Canada and 29.4 ng/g of lipid in Sweden; Morgan and Roan, 1971; Jaga and Dharmani, 2003) . The concentration correlation between DDT and HCH residues in the Xiamen cohort may be attributed to their co-exposure from environmental sources including diet.
Association of OCP Exposure with HCC
Epidemiological studies suggested that exposure to OCPs was related to many types of carcinoma; however, the data relating OCP exposure to HCC occurrence is still limited (Eskenazi et al., 2009 ). Liver's major function is detoxification, and therefore almost all of the xenobiotics tend to accumulate in liver, making it an easy target for attacks. The common risk factors of liver diseases are viral infection (such as hepatitis A, B, C or E viral infection), drinking, hepatic adipose infiltration, cirrhosis and drug damages. Up to now, there is still not a clear profile of HCC pathogenesis factors and the factors' interactions are also poorly understood. Some early studies showed that rodents exposed to DDT and DDE can develop liver tumors (Kitagawa et al., 1984; Williams and Numoto, 1984) , but the few epidemiological studies on DDT exposure and its correlation with mortality from liver cancer (Figatalamanca et al., 1993; Cocco et al., 1997 Cocco et al., , 2000 Cocco et al., , 2005 showed inconsistent results. The conflict may be due to the instability of exposure assessment only by survey but not by using exposure biomarkers. Such instability had been suggested in the AFB1 assessment (Qian et al., 1994) . The study in Linxian, China, showed that the risk for developing liver cancer increased with increasing serum concentrations of p,p 0 -DDT but not p,p 0 -DDE (McGlynn et al., 2006) . A population-based study in the United States of America (Cocco et al., 2000) suggested that standardized mortality rates for liver cancer were elevated in whites but not in African Americans who lived in the states with high population-level adipose-tissue DDE levels. The present study showed that both p,p 0 -DDT and p,p 0 -DDE contributed to HCC in present subjects, who live in Xiamen, a city located at the center of the HCC high-risk regions in China. Interestingly, the heavy-OCP-use regions in China coincided with the high HCC risk regions; historical use of OCPs in these areas accounted for 36.7% of the nationwide consumption (El-Shahawi et al., 2010) . The data associating b-HCH exposure and liver cancers was more limited than DDT exposure. Early studies showed b-HCH induced the development of liver carcinoma in rodent animals (WHO, 1992; POPRC, 2007) , and an early population study on cerumen suggested that b-HCH is associated with the mortality rates of cancers, including liver cancers (Wang et al. 1988) . For the first time, the case-control study showed that b-HCH correlated with HCC risk.
Interactions of HCC Risk Factors
Among OCP risk factors, the negative interaction between p,p 0 -DDT and p,p 0 -DDE levels may be explained by their parent-daughter relationship in degradation, when p,p 0 -DDT absorbed by the human body can be further metabolized to p,p 0 -DDE in the liver. In other words, the negative interaction may come from their different toxicity. After the ban, DDE/DDT ratios both in the exposure sources and human body deposits have been found to gradually increase in some areas (Shen et al. 2007 (Shen et al. , 2008 . A parallel observation was that the association between p,p 0 -DDTconcentration and liver cancer was stronger among individuals with p,p 0 -DDE concentrations below the median value than those with concentrations above the median value in the Linxian cohort (McGlynn et al., 2006) . The current study also for the first time demonstrated a positive interaction between p,p 0 -DDT and b-HCH in their additive influences on HCC.
HBV and HCV infection, diabetes mellitus, smoking, drinking, AFB1-alb and PAH-alb were associated with HCC in the same subjects (Niu et al., 2010; Zhao et al., 2010) . Synergistic interactions between p,p 0 -DDT exposure and HBV, diabetes mellitus, AFB1-alb and PAH-alb could further enforce HCC risk in the subjects. Except OCPs, PAH pollution is widespread in China because of coal-dependent energy consumption, serious air pollution with fine particle materials and combustion caused by cooking in the open with wood or coal in some undeveloped areas. The negative interaction between smoking and PAH-alb (Wu et al., 2007) may be due to their overlapped contributions (r 2 ¼ 0.32 in these subjects); however, PAH exposure enforced the risk of p,p 0 -DDT. Heavy drinking was the only factor that had a negative correlation with p,p 0 -DDT exposure. It is known that heavy drinking increases the risk for many liver diseases, and the negative correlation with p,p 0 -DDT or b-HCH was a surprise. This may be due to the fact that alcohol could induce extra biodegradation of p,p 0 -DDT and b-HCH. There was a positive, although insignificant, interaction between p,p 0 -DDE and drinking. For p,p 0 -DDE exposure, interaction with HBV had a negative effect, but that with PAH-alb had a positive effect. This supports that, although they are not independent of each other, p,p 0 -DDE and p,p 0 -DDT independently interacted with HBVand PAH. DDT exposure had been linked to diabetes and the related effects in animals and epidemiological studies (Codru et al., 2007; Ruzzin et al., 2010) ; this may help to explain the positive correlation between p,p 0 -DDT and diabetes mellitus in this study. Contrary to p,p 0 -DDT, a negative interaction between b-HCH and diabetes mellitus was observed; it is unclear whether this is due to the different mechanism on diabetes compared with p,p 0 -DDT. In addition, b-HCH may be positively related with AFB1-alb (p ¼ 0.07). In summary, AFB1-alb and PAH-alb risk may have similar action with all three OCPs, although some are not significant. HCV infection was not a severe factor to Chinese comparing with Japanese (Imai et al., 2010) ; therefore, no significant interaction had been observed.
Conclusion
For the first time, p,p 0 -DDE and b-HCH, together with p,p 0 -DDT, were found to be independent risk factors of HCC in subjects who live in a subtropical area, with intensive past use and limited current use of OCPs. The present work also investigated the interactions between OCP factors and other HCC risk factors, such as HBV, AFB1 and PAH exposure, diabetes mellitus, smoking and heavy drinking. We found that exposure to OCPs could enforce some high HCC risk factors. Owing to the exposure to aflatoxins from contaminated food grains with the fungus Aspergillus fumigatus and because chronic HBV infection is common in tropical and subtropical areas, the present work may highlight the need for a holistic assessment of the use of DDT products for malaria control in tropical and subtropical regions.
